Abstract-In this paper a method is presented for determining the complex permittivity and permeability of linear materials in the frequency domain by a single time-domain measurement; typically, the frequency band extends from VHF through X band. The technique described involves placing an unknown sample in a microwave TEM-mode fixture and exciting the sample with a subnanosecond baseband pulse. The fixture is used to facilitate the measurement of the forward-and back-scattered energy, s21(t) and s,l(t), respectively. It is shown in this paper that the forward-and back-scattered time-domain "signatures" are uniquely related to the intrinsic properties of the materials, namely, e* and A*. By appropriately interpreting s21(t) and sl1(t), one is able to determine the real and imaginary parts of e and u as a function of frequency. Experimental results are presented describing several familiar materials.
INTRODUCTION
r HIS PAPER describes a new method for obtaining the complex permittivity and permeability of linear materials over a broad range of microwave frequencies. Traditionally, such measurements have been made at fixed frequencies in the frequency domain using slotted-line and impedance-bridge configurations [1] .
Recently, a technique was described [2] for the measurement of scattering parameters of a broad-band microwave component by obtaining the reflected and transmitted transient responses of the component to an incident subnanosecond risetime pulse and then performing discrete Fourier transforms on the three waveforms. It was pointed out that while the frequency resolution obtainable by this method could not approach that achievable with narrowband frequency-domain methods, bandwidths of up to two or even three decades could be spanned with a single transient measurement, and the technique was thus best suited to components whose properties changed relatively slowly with frequency. An excellent application of this capability has proved to be that of materials measurements; a system has been developed that spans the range 0.4-10 GHz with 0.4-GHz resolution and yields the complex permittivity and permeability of materials over this range from one pair of transient response measurements. A description of this system is given, and the manner in which its frequency range and accuracy might be further improved is indicated.
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The scattering coefficients S21 and S,j of the slab may be 
Writing the sums and differences of the scattering coefficients as V1 = S21 + Si V2 = S21 -S1 (S) and if
then it can be shown that r may be obtained from the scattering coefficients, since r = x4 ±/x2-I (6) and the appropriate sign is chosen so that rF < 1. Also, vI -r z = 1- 
TIME-DOMAIN MEASUREMENT
The above description discussed the use of measurements of S21 and Si, in the frequency domain, but we are concerned in this paper with the derivation of S21 and Sll from a time-domain measurement. Measurement of the scattering parameters of microwave networks over broad bandwidths by taking the Fourier transform of the transient response to a subnanosecond pulse has been described previously [2] . Such a method has the advantages of speed and simplicity of the RF part of the measurement system when compared with conventional bridge or slotted-line methods, and in addition can eliminate the mismatch error due to multiple reflections. A computercontrolled broad-band sampling oscilloscope scans and digitizes the transient responses of the microwave sample, and then performs the Fourier transform and subsequent computation to obtain MR and 6R.
The configuration used for the measurements is shown in Fig. 2 . The pulse from the pulse generator typically has a risetime of less than 100 ps. It propagates down the coaxial delay line, through the feedthrough sampling head of the oscilloscope, and is incident on the sample of material in the test sample holder. The pulse is partially reflected and partially transmitted through the sample. The transmitted pulse reflects from a short circuit, returns up the line, and passes again through the sample on its way to the oscilloscope sampling head. We shall show that these waveforms yield S (co) and S', (co). The delay-line lengths are chosen sufficiently long so that at the sampling head the incident, reflected, and doubly-transmitted Fig. 2 will show that the reflected and transmitted waveforms each have a "timewindow" over which they may be measured uncontaminated by other reflections of 21/c seconds. The measurement procedure is as follows. With a short-circuiting metallic plug installed in the coaxial line such that its reflecting face is exactly at position A, the waveform v80l(t -to) is measured over the appropriate time window, where to = AC/c. Assuming a perfect short circuit, v,,1(t -to) = -vin,(t -to). With no material in the line, the region d being air filled, the waveform VC2(t-to -2t`-2r) is now measured over an appropriate, somewhat later time window, where to = BDIc and r = d/c. Again, assuming a perfect short circuit at D, V9C2(t to -2to -2T) = -Vinc(t -to -2to -2r). The sample is now installed in the line, with its face again at A, and two measurements are made. Over exactly the same time window as for v,,l, we measure the reflected wave vA(t -to) = vi,(t -to)*sij(t), where * denotes convolution, s1i(t) 4 S11(w), and 3Y denotes the Fourier transform.
Over exactly the same time window as for v8,2, we measure vB(t -to -2to)*s12(t), where s12(t) 4 S12(co) and the convolution occurs because of the passage of the transmitted waveform vE (t) again through the sample. Now VB (t -to -2 to) = vi (t -to -2 to)*S21(t).
Each of the four measured waveforms is digitized and read into a laboratory computer, and a discrete Fourier transform is performed. By taking the ratios of the appropriate pairs of these transforms, we then obtain -IVA(t -to) FiV.1(t -to) * exp -j2rV in(t-to -2o) -S21(W) * S12(0) ) exp j2wr.
Assuming the sample to be reciprocal, S21(M) = S12(W).
The phase factor in the second expression requires only a knowledge of the sample thickness d. Thus the ratios of the reflected spectra and the transmitted spectra, with the latter multiplied by exp -j2wr, yield S,,(w) and S,2 (), respectively. Note that even if the delay lines are not lossless, the transient responses are normalized to effective incident pulses that have traversed the same lengths of line, and no error results. DISCUSSION OF ERRORS In approximating the continuous Fourier transform by a discrete Fourier transform, errors arise due to truncation and aliasing [2] , [3] . These have been discussed previously and may be reduced by appropriate choice of both the equivalent time interval T between the digitized samples and the total number N of digitized samples. For the results presented here, T = 9.77 ps and N = 256, giving a time window of 2.5 ns and a fold-over frequency of 51 GHz, which resulted in truncation and aliasing errors becoming small compared with other sources of error.
A major source of error is the relatively low spectral intensity available from subnanosecond risetime pulse generators. The amplitude of the pulse incident on the sample that was used in this study was about 120 mV, with 30 ps risetime. The amplitude spectrum of this pulse, which was long compared to the 2.5-ns window and hence is effectively step-like, is shown in Fig. 3 along with the reflected and doubly transmitted amplitude spectra from a typical dielectric sample. Also shown in the figure is the measured rms noise level in the spectrum; when appropriate steps are taken to remove errors due to drift voltages in the measured waveforms, as will be described later, the oscilloscope amplifier noise spectrum is approximately white, and to this noise is added random errors due to quantization and roundoff in the Fourier transform computation. Because of the l/f spectrum of the incident step-like waveform, the signal/noise ratios of reflected holder.
RESULTS
timing displacement as 1 ps will cause errors of d0.5 in eR and e'R at frequencies approaching 10 GHz. It has been demonstrated [4] that timing shifts of several picoseconds can occur readily in a broad-band sampling oscilloscope over a period of a few minutes. In addition, such timing shifts could result from linear expansion of the delay lines due to temperature changes. Some form of timing-position stabilization of the 2.5 ns window is required. A method for simultaneous reduction of additive voltage drift and timing shifts by a technique called three-point scanning has been described [4] . Instead of a sawtooth waveform, the X deflection of the sampling oscilloscope is driven to discrete positions by a small computer integral to the measurement system. With reference to Fig. 5 , repeated measurements are made sequentially at three points within the time window. At the fixed first point the waveform slope is zero, at the second fixed point the slope is finite, and the third position incrementally moves across the window. If the three positions are scanned in a time short enough for additive voltage drift and timing shift to be highly correlated, then the difference voltages f,i and 21l
The final measurement system was that shown in Fig. 6 . In order to provide a reference slope for the three-point scanning system mentioned above that did not alter position as the samples were removed and inserted, a short-circuited stub and power divider were added as shown. The voltage ramp resulting from this stub was adjusted to occur just between the end of the reflectedvoltage time window and the beginning of the transmittedvoltage time window.
The coaxial delay lines and sample holder were constructed with 9/16-inch-diameter air-filled line and General Radio GR900 precision connectors. The sample holder is shown in Fig. 7 , and was constructed from a 2-inch length of air-dielectric line cut longitudinally. The inner conductor for this section had spring-loaded locating pins at each end. In this way the samples could be inserted by sliding the lines apart only about an inch at the sample holder, and the samples could be positioned accurately in the holder by use of a gauge block, which can also be seen in Fig. 7 . An error of 0.005 inch in the position of the sample can contribute 1 ps timing-shift error in the measurement of S1,(w). permeabilities and permittivities of around 2-3, the bound increasing to perhaps ±0.5 for permittivities of 12-15. Further work on this technique might concentrate on the use of longer delay lines to increase the available time windows, and hence increase frequency resolution. Some compromise is necessary, since the attenuation due to skin effect in longer lines will reduce the higher frequency components of the incident pulse. Improved pulse-generator design to produce greater spectral intensity at frequencies near 10 GHz could also offer significant improvement. INTRODUCTION T HE objectives of this paper are to present the theory for the generation of reference waveforms using uniform lossy transmission lines and to provide some examples of generators and applications. The paper is organized into four sections: generator characterization, intrinsic loss waveforms, generator design, and reference-waveform application.
I. GENERATOR CHARACTERIZATION In theoretical time-domain studies the ideal-unit step generator or the ideal-unit impulse generator is commonly used as a driving source. However, in experimental work either of these ideal generators is necessarily replaced by a physically realizable one, i.e., a transition generator or an impulsive generator.
